Ipilimumab, the first immune-checkpoint inhibitor extending overall survival (OS) in metastatic melanoma patients, has a survival benefit only in a proportion of patients and the development of reliable predictive biomarkers is still an unmet need. To meet this request, we used a multivariate statistical approach to test whether myeloid-derived suppressor cells (MDSC) or other tumor-associated and immunological parameters may serve as predictive or prognostic biomarkers in melanoma patients receiving ipilimumab. By using a standardized approach to determine the circulating levels of four MDSC subsets, we observed a significant expansion of three MDSC subsets at baseline, as compared to controls and, upon treatment, that high levels of CD14 C
/IL4Ra
C MDSCs were an independent prognostic factor of reduced OS. On the contrary, longer OS was associated to low levels of the proinflammatory proteins IL-6 and CRP and tumorassociated factors S100B and LDH both at baseline and after treatment. Increasing number of total T cells and especially of PD-1
C

/CD4
C T cells were associated with better prognosis, and upregulation of PD-1 C expression on CD4 C T cells upon treatment was associated with lower toxicity. As several parameters were associated to OS, we included these factors in a multivariate survival model, and we identified IL-6 and ECOG PS as independent biomarkers associated with improved OS, whereas high levels of LDH and CD14
C
/IL4Ra
C MDSCs were negative independent markers of reduced OS. ; N, absolute number; OS, overall survival; PD-1, programmed death-1; PFS, progression-free survival; PT, patient; SSC, side-scatter; TIPs, tumor-associated and immunological parameters; Treg, regulatory T cell; ULN, upper limit normal; VEGF, vascular endothelial growth factor; W, week
Introduction
The therapeutic management of metastatic melanoma was confined to palliative chemotherapeutic regimens until 2011 when a major breakthrough in this field was achieved by the introduction in the clinical practice of ipilimumab (reviewed in ref. 1 ). In fact, this anti-CTLA-4 monoclonal antibody was the first treatment producing a significant survival benefit in metastatic melanoma and a long-term survival in 18-26% of treated patients. 2 Its efficacy has been proven both in untreated and in pre-treated patients, in wild-type melanoma as well as in BRAF and NRAS mutated tumors, and even in patients with brain metastasis when not requiring steroids. Two independent prospective clinical trials proved the efficacy of ipilimumab in controlling the metastatic burden of melanoma and in increasing the lifespan of patients. In these trials, ipilimumab showed an efficacy in extending overall survival (OS) superior than either a vaccination protocol, using the melanoma-associated gp100 peptide, 3 or the standard chemotherapy regimen based on administration of dacarbazine.
and tumor-specific T cells to build an effective immune response toward tumor antigens. Along the same line, several antibodies targeting immune checkpoint molecules are under clinical evaluation (reviewed in ref. 7 ). In particular, the FDA and EMA recently approved pembrolizumab and nivolumab, two antibodies targeting PD-1, for the treatment of metastatic melanoma, lung and renal cell cancer. The introduction of these antibodies expands the range of available treatments for metastatic melanoma and paves the way for combinatorial approaches, especially for patients who have a poor or ineffective antitumor response. Recently, a deeper molecular characterization of ipilimumab mechanism of action was pursued and two independent studies found that the antigenic drivers of the immune rejection are mutant neo-epitopes arising from the genetic instability of the tumor itself. 8 However, albeit the generation of neo-antigens depends on the higher tumor-intrinsic mutational load, a hypermutated genetic landscape is not sufficient to predict clinical response to ipilimumab, thus suggesting that also the immunological profile of patients plays a pivotal role in generating a strong response to CTLA-4 blockade. Indeed, a recent study performing gene expression profiling on melanoma biopsies from patients undergoing ipilimumab treatment revealed that clinical response can be predicted by a peculiar immunological pattern rather than by dysregulation of the genetic profile within malignant melanocytes. 9 In the last years, a great effort has been dedicated to the identification of immunological biomarkers predictive of the efficacy of ipilimumab treatment. As expected, several studies searched for predictive markers within the T cell compartment, as this is the effector player of antitumor response. Indeed, it has been demonstrated that increased lymphocytes count [10] [11] [12] [13] [14] and expression of activation markers, like ICOS, are powerful indicators of a good prognosis. [15] [16] [17] Instead conflicting results emerged on the role of the regulatory T cells (Treg), 10, 13, 18, 19 since CTLA-4 is constitutively expressed by Tregs. 3 Recently, Speiser and collaborators suggested that Tregs can be depleted by ADCC triggered by alternative monocytes. 20 In parallel to these findings, clinical prognostic factors were identified especially serum lactate dehydrogenase (LDH) vascular endothelial growth factor (VEGF), and neutrophil/lymphocyte ratio, besides sex and ECOG performance status. 11, 12 In this context, there was also an increasing interest in monitoring suppressive populations able to divert T cell functions, and one of the key suppressive players expanded in cancer patients are myeloidderived suppressor cells (MDSCs). 21 Immunophenotyping of MDSCs is characterized by a high degree of complexity given the fact that several myeloid subsets have been described, ranging from immature cells to more differentiated cells such as monocytes and granulocytes, and a specific marker of such cells is still missing (reviewed in ref. 22 ). In this context, some studies associated the circulating levels of MDSCs to prognosis in ipilimumab-treated patients but these studies often considered only one MDSC subset rather than describing the variations of the different MDSC subsets in response to ipilimumab. 18, 19, 23, 24 Overall, observational studies indicated a set of pharmacodynamic markers as potential surrogate predictors of survival in response to ipilimumab, but a clear picture of the immunological profile of responding patients is still missing.
In this study, we monitored the changes of a set of tumorassociated and immunological parameters (TIPs) in a cohort of ipilimumab-treated patients and set out to identify the immune profiles modulated by ipilimumab and associated with longer OS or lower toxicity.
Results
Clinical characteristic of the cohort
The median age of the 44 enrolled patients was 63 y (range 33-83 y). All patients were metastatic with a prevalence of M1c patients (n = 29, 66%) and a lower number of M1a (n = 6, 14%) and M1b (n = 9, 20%). Albeit most of the patients had a high metastatic burden, 70% of the patients presented an ECOG PS value of 0-1; the disease affected seriously the daily living ability (ECOG PS = 2) in 13 patients, corresponding to one-third of the cohort. Ipilimumab treatment was well tolerated and the majority of patients (n = 35, 80%) completed the scheduled four cycles of treatment. Disease control rate was 25% at week 12 (PR C SD), while a higher number of patients presented stable disease (SD) at the first evaluation at week 24, in which a complete response (CR) was observed, along with four partial responses (PR) and six SD. One-year survival rate was 45%. All patients' characteristics and response information are in Table 1 .
Immunological status at baseline
The first aim of this study was to investigate the presence of predictive and prognostic factors for OS in ipilimumab-treated patients and thus we evaluated baseline characteristics of the immune system of these patients. To this end, we measured by flow cytometry a set of immunological parameters belonging to both the lymphoid and the myeloid compartment, and we compared these values with a cohort of healthy donors (HD) matched for age and gender ( (Fig. 1D, %MDSC 4 , HD= 0.7% vs. PT = 2.3%, P = 0.0015) were significantly higher compared to HD, together with the granulocytic subset CD15 
/CD11b
C MDSCs was not significantly altered in melanoma patients (Fig. 1C, %MDSC 3 , HD D 1.9 vs. PT D 2.2%, p D 0.15). Of note, we observed a significant correlation between the levels of MDSC 1 and MDSC 2 which are the two MDSC subsets expressing IL4Ra ( We also evaluated haematological indexes, such as C-reactive protein (CRP), interleukin-6 (IL-6), vascular endothelial growth factor (VEGF), S100B protein and LDH, proteins that are known to correlate with the inflammatory status of the patients and tumor burden. When we evaluated at baseline the correlation between TIPs, we found that the levels of CRP, LDH and IL-6 were significantly associated ( Table 2 ). Of note, this inflammatory loop also involved one subset of MDSC, CD14 + /IL4Ra + (MDSC1) which was significantly correlated to CRP, IL-6 and LDH ( Table 2, 
Changes in levels of immunological and tumor-associated parameters following ipilimumab treatment
We evaluated the levels of the different TIPs at baseline and following ipilimumab treatment at W12. In addition, to unveil possible correlations between TIPs and OS, we divided the cohort of patients in two groups based on the survival status at 1 year.
We observed that patients alive 1 year after enrolment had a significant increase in the number of T cells following treatment (W12), (Fig. 2A, 7 .5 vs. 8.4 £ 10 5 /mL, p D 0.027), which was mainly due to CD3
C /CD4 C cells (Fig. 2B ). Of note, the number of CD4 C T cells expressing PD-1 increased significantly only in patients alive (Fig. 2C, 2 
C T cell subset did not change significantly after ipilimumab treatment in both groups (data not shown).
Although ipilimumab acts directly on T cell, we also monitored the myeloid compartment upon treatment and observed that patients with worst clinical outcome had a significant increase in MDSC4 subset following treatment ( When we analyzed the correlation between MDSC subset and hematological parameters after treatment, we confirmed the significant correlation between the inflammatory markers CRP and IL-6 with MDSC1 (Table 3, An analysis of CRP and IL-6 concentration showed that these factors were significantly lower in patients with better prognosis both at baseline and after treatment ( Pearson Correlation was used to assess correlation between baseline levels of TIPs.
The pair subjected to correlation is indicated in the first column and the coefficient of correlation (R) and the level of significance (p) are shown in the second and third columns, respectively. Values were considered statistically significant for p < 0.05. Baseline and post-treatment levels of TIPs are associated with OS in response to ipilimumab
The analysis of the changes of TIP levels following ipilimumab treatment and the network of correlations found among TIPs prompted us to investigate possible associations between TIPs and OS. To this aim, we developed a statistical model to perform the multivariate analysis of association between TIPs and OS and applied Cox proportional hazard univariate and multivariate regression models. We included in the model the variables that were more significantly associated with OS from our preliminary analysis based on the hypothesis-testing step performed that divides the cohort in two groups based on their survival status at 1 year. We tested separately the possible association between OS and TIPs measured either at W0 or at W12. In the first case, for the analysis at baseline, we included in the multivariate analysis a set of hematological parameters that were tightly associated with prognosis in the preliminary step of analysis. The model requires binary variables and therefore we used the upper limit of normal (ULN) or, when ULN was not applicable, the medium value for clusterization. We divided the patients with ECOG PS < 1 from those with an ECOG PS above 1. We first investigated possible associations between baseline values of TIPs and OS searching for predictive factors. To this end, we considered baseline values of IL-6, LDH, S100B, CRP and included the ECOG PS that is a classical predictive factor for OS in cancer patients, and, as expected, the analysis revealed that an ECOG PS above one is an independent predictive factor for reduced OS (Table 4A) . Of note, the levels of IL-6 were similarly predictive for OS. Although the Hazard ratio (HR) for ECOG PS is equal to 3 (HR D 3 (1.2-7.9), p D 0.023), levels of Other factors failed to demonstrate a significant predictive power for OS in our cohort of patients.
In a similar manner, we built the multivariate survival analysis model for post-treatment values of TIPs in order to identify prognostic factors for OS in response to ipilimumab. We included IL-6, S100B, LDH, CD3
C /PD-1 C T cells, MDSC 1 and MDSC 2 subsets as factors (Table 4B ). Our analysis confirmed that LDH is a potent independent prognostic factor for ipilimumab treatment (HR D 4.76 (1.6-14), p D 0.005). Interestingly, also MDSC 1 levels are an independent prognostic factor for OS in patients treated with ipilimumab (HR D 1.26 (1-1.5), p D 0.026).
We tested the possible predictive and prognostic significance of the other TIPs, and in particular of the other MDSC subsets which seemed associated with prognosis from our preliminary analysis; however, the model did not find any other significant associations between OS and TIPs.
The levels of TIPs are predictive of toxicity
The management of immune-related toxicities of checkpoint inhibitors is now well known, but adverse drug reactions (ADR) of moderate to high intensity must be managed readily in order to avoid severe toxicity. Since most of the ADR induced by ipilimumab are immune-mediated, we investigated whether immune parameters can be predictive of the onset of toxicity. To this end, we divided the cohort of patients in two groups based on the development of G3-4 ADR. We then compared baseline and post-treatment values of TIPs of the two groups.
We observed that the lymphoid compartment could be predictive for toxicity. Indeed, patients without severe toxicity presented a boost of the percentage of CD3 C T cells (L8), in particular of the CD4 C subset (L1), albeit the number (n) of total T cells is equal in both groups (Fig. 5A, %L8 C (L5) and CD8 C (L6) subsets at baseline (Fig. 5D, %L5, 52 .3% vs. 42.2%, p D 0.025, Fig. 5E %L6, 49 .6% vs. 39.3%, p D 0.022). In addition, both groups upregulated PD-1 expression upon treatment but this upregulation on CD4 C T cells was significant only for patients with lower toxicity (Fig. 5D, %L5, 52 .3% vs. 58.2%, p D 0.0007).
Finally, we investigated whether the TIPs associated with OS were significantly associated with toxicity, but we did not find any statistically significant association.
Discussion
There is a growing interest in identifying circulating factors as surrogate biomarkers of clinical response to ipilimumab treatment (reviewed in refs. 25, 26 ). One potential biomarker is MDSC level because the presence of these cells has been correlated to tumor burden and OS in different types of cancer, and some studies demonstrated its prognostic role for the outcome of different chemotherapeutic regimens (reviewed in ref. 21 ).
Several non-overlapping MDSC phenotypes have been described, classified as immature, monocytic and granulocytic subsets, but most of the studies reduced MDSC monitoring to only one phenotype. 22 The phenotypic complexity of human MDSCs complicates the validation of the predictive significance of MDSCs in multicenter studies, and creates a challenge in finding a consensus on the minimal requirements for MDSC monitoring. 27 We developed a standardized approach to monitor the circulating levels of four MDSC subsets in melanoma patients receiving ipilimumab. To date, only one study monitored six MDSC subsets simultaneously, and found that five out of six subsets were significantly expanded in the blood of renal cell carcinoma patients; moreover, baseline levels of two of these subsets were negatively associated with OS in response to a multipeptide-based vaccination protocol. 28 In line with these results, we observed that also melanoma patients significantly expanded more than one MDSC subset at baseline, thus suggesting the presence of immune suppression in these patients. In particular, the cohort under investigation expanded three MDSC subsets (MDSC1-2-4) which were originally discovered in melanoma patients and further described in other types of cancer (reviewed in ref. 21 ). In view of the immune-mediated effect of ipilimumab, lower levels of suppressive cells could represent not only an estimator of clinical benefit but also a pharmacodynamics biomarker, reflecting the shift from immune escape to immuneresponse. Indeed, the role of MDSCs as a biomarker for ipilimumab treatment was demonstrated in a number of studies, mostly reporting correlations between monocytic MDSCs and clinical response. 18, 23, 24, [29] [30] [31] [32] Kitano and colleagues developed a computational algorithm-based method to perform a uniform analysis of the levels of a monocytic subset in melanoma patients treated with ipilimumab at 3 or 10 mg/kg and found a significant association between levels of Lin
MDSCs evaluated at baseline and at week 6 and OS, albeit the prognostic significance of MDSCs was restricted only to patients receiving the higher dose of ipilimumab. 23 Along the same line, Martens et al. introduced MDSCs defined as CD14 C /HLA-DR low/¡ cells, together with other peripheral blood biomarkers, in a combination model able to identify a biomarker signature at baseline in advanced melanoma patients experiencing clinical benefit from ipilimumab treatment. 24 In another study, granulocytic MDSCs defined as Lin ¡ /HLA-DR ¡
/CD15
C /CD11b C cells were monitored in seven patients that received ipilimumab treatment at 3 mg/kg or 10 mg/kg doses and it was demonstrated a significant reduction of this subset, along with the downregulation of Arginase-1 expression on the whole myeloid compartment. 19 In our study, in which ipilimumab was administered at the standard dose of 3 mg/kg, we identified post-treatment levels of the monocytic subset CD14
C /IL4Ra C cells (MDSC 1) as a strong independent prognostic factor for OS in a multivariate model comprehending six TIPs, but we did not find a significant association between baseline levels of MDSCs and OS. Besides, two MDSC subsets presented a significant inverse correlation with CD3 C T cells at W12 (Table 3) . Such inverse correlation was also observed in two independent studies, conducted in non-treated lung cancer patients 33 and in melanoma patients receiving ipilimumab. 23 
Lin
¡ /HLA-DR
, which is the most immature MDSC population, presented a peculiar behavior in this study. We previously demonstrated that this population correlates with OS and progresson-free survival of patients with solid tumor and with levels of circulating tumor cells. 34 However, in the present cohort of melanoma patients, MDSC3 subset is not expanded at baseline, but it shows a tendency to increase during treatment; moreover, it does not have a particular correlation with TIPs or survival. An intriguing explanation for this result is that ipilimumab treatment affects, directly or indirectly, the maturation of MDSC, but, to the best of our knowledge, this possibility has never been explored All together these findings suggest the presence of a balance between suppressive and effector leukocytes characterizing the immunological profile of cancer patients, and in this scenario the boosting T cell responses by ipilimumab could alter this equilibrium, thus leading to override the action of immune suppression exerted by MDSCs. Along this line of reasoning, a suitable strategy to track the onset of immune rejection triggered by ipilimumab is to monitor the activation and functional status of T cells. In fact, absolute lymphocyte count is one of the first parameter identified as strongly associated to clinical effect of ipilimumab and many studies characterized the immune correlates of this drug. 10, 11, 13, 14, 23, 35 In our cohort, patients presented a reduced number of CD3
C T cells at baseline and ipilimumab treatment significantly boosted the level of these cells but only in patients demonstrating a clinical benefit. Of note, the increase in T cell number was due mainly to the CD4 C subset while the CD8
C counterpart did not significantly change upon ipilimumab treatment.
Several studies investigated the phenotype of T cells in patients receiving ipilimumab and found that an activated phenotype, expressing ICOS or HLA-DR, 17, 36, 37 increased antigenspecific responses 11, 36 and boosted IFNg production 38 are hallmarks of response to the treatment. However, less is known about the expression of other immune checkpoint molecules in response to the blockade of CTLA-4. To this end, we also monitored the levels of PD-1 expression on T cells in response to ipilimumab and found that melanoma patients presented significantly higher numbers of PD-1 in both CD4 + and CD8 + compartments at baseline. Of note, an expansion of PD-1 + / CD4 + T lymphocytes' number was observed upon treatment only in patients with longer survival.
Since in our cohort of patients the expansion of CD4 C /PD-1 C T cells was associated also with reduced toxicity, we speculated that increasing frequencies of these cells may be due to an expansion of Tregs. This hypothesis is based on the fact that PD-1 and CTLA-4 play an important role in Treg induction and functional activity. 39 The presence of Tregs was monitored in ipilimumab-treated patients with conflicting results which makes the predictive power of Treg not extensively reliable. 10, 13, 18, 19 In addition to circulating levels of MDSC and T cell subsets, we observed that a number of TIPs are good estimator of OS like ECOG PS, the pro-inflammatory cytokine IL-6 and LDH levels. While the association between OS and ECOG PS is well known, our results are in line with a study that demonstrated the predictive potential of LDH levels in ipilimumab-treated patients. 12 Of note, we identified baseline level of IL-6 as a new strong independent estimator of OS in response to ipilimumab; and, in fact, patients with IL-6 levels above the ULN had a 4.7-fold higher risk of mortality compared to patients with lower levels of this cytokine, independently from LDH, ECOG-PS, S100B and CRP levels. Given the predictive and prognostic power of IL-6, LDH and of CD14
C /IL4Ra C MDSCs underscored by our study, it is interesting to observe that baseline levels of these parameters were significantly interconnected, thus suggesting the existence of an immunological loop associated with OS in response to ipilimumab. In fact, IL-6 levels correlated significantly with the circulating levels of CD14 C /IL4Ra C MDSCs, LDH and CRP. In addition, CD15 C
/IL4Ra
C cells (MDSC2) correlate with LDH and with MDSC1, the subset that shares the expression of IL4Ra with MDSC2. On the contrary, MDSC3 and MDSC4 did not correlate with pro-inflammatory and tumor-associated markers and they seem to be excluded from the network in which MDSC1 participates. In a similar context, Meyers et al. investigated the possible correlation between MDSC4 and LDH levels in ipilimumab-treated melanoma patients and they found no correlation between these factors, as well. 29 We did not investigate whether high levels of TIPs may play a preferential effect on MDSC1 expansion in our cohort of patients, but we found that only the MDSC1 subset is associated with overall survival, thus suggesting a critical role for this cell subset in ipilimumab-treated patients. Indeed, the presence of a suppressive network, in which inflammatory proteins induce MDSC expansion and regulate their suppressive functions has been already demonstrated in murine models 40 (reviewed in ref. 41 ) and in human cells in vitro. 42, 43 In addition, the downstream mediator of IL-6 signaling, signal transducer and activator of transcription 3 (STAT-3), regulated the suppressive activity of tumor-infiltrating MDSCs from head and neck squamous cell carcinoma patients through modulation of arginase 1 activity. 44 Finally, we recently demonstrated that STAT-3 plays a pivotal role in the mechanism of immune-suppression of in vitro derived MDSCs that in turns induced the expression of PD-1 and Lag-3 on activated T cells upon contact. 45 The connection observed in our study between IL-6, MDSC levels and OS suggests the hypothesis of a combination therapy of anti-IL-6 mAb and immune-checkpoint inhibitors. From one side, IL-6 blockade could enhance the efficacy of immune checkpoint inhibitors by disrupting the mechanisms of immune escape at the tumor site, and from the other side, it could also reduce the toxicity of this treatment, which is characterized by autoimmune responses. Indeed, blockade of IL-6 pathway is currently approved for the treatment of autoimmune diseases, as rheumatoid arthritis, and combinations of anti-IL-6 and chemotherapy are already under development in phase I studies for cancer treatment (reviewed in ref. 46 ). In addition, we designed the present study also to identify an immune profile associated with the development of immunerelated adverse drug reactions (irADR) due to ipilimumab treatment. Albeit early reports indicated that the onset of irADR was prognostic of response to ipilimumab the potential link between irADR and clinical benefit was not confirmed by large perspective studies. 47, 48 Our results indicate that the development of toxicity was not predictive for longer OS in response to ipilimumab. However, in our study the immune profile of patients protected by toxicity was characterized by a boost in the percentage of T cells, mainly CD4
C T cells, and a higher expression of PD-1 on CD4
C T cells at baseline. In addition, patients with lower toxicity significantly expanded PD-1 C T lymphocytes compared to those experiencing grade 3 irADR. Our results constitute a first attempt to characterize the immune profile of patients prone to toxicity and are supported by the study of Wang and colleagues, 16 in which it was observed that the onset of irADR was associated with lower frequencies of proliferating Ki67
C , CD4
C and CD8 C T cells. In particular, patients free from toxicity expanded a subset of CD4 C T cells expressing eomesodermin, a transcription factor that regulates the generation of memory T cells 49 and, similarly to our results, was associated to increased PD-1 expression. 50 In conclusion, this study explored different aspects of immunomonitoring in metastatic melanoma defining the immune profile of patients that most likely benefit from ipilimumab treatment. Our results require further validation in an independent cohort, but shed light on the complex immunological scenario in which immune checkpoint inhibitors act. A better understanding of the cross-talk between patient's immunity and tumor is a necessary step to tailor the most suitable combination of treatments on the immunological characteristics of each patient, also in view of the future therapies based on the combination of immune checkpoint inhibitors. 51, 52 Patients and methods
Patients
Forty-four patients with a diagnosis of stage IV melanoma were enrolled in this study. A description of the clinical characteristics of these patients is reported in Table 1 . Exclusion criteria for the administration of ipilimumab were the presence of symptomatic brain metastases and a history of autoimmune disease requiring immunosuppressive therapy. Ipilimumab was administered after at least another line of treatment, consisting in systemic chemotherapy, or BRAF inhibitors. Twenty-one age-and gendermatched HD were used as controls. The study was approved by the ethical committee of Istituto Oncologico Veneto and all the patients enrolled provided a written informed consent before entering in this study. Patients received four doses of ipilimumab (3 mg/kg) every 3 weeks, as approved by the Italian Medicine Agency. In case of onset of immune-related adverse reactions to the treatment, requiring corticosteroids treatment, the therapy was discontinued and eventually resumed when patients recovered from toxicity. Disease evaluation was done comparing baseline computered axial tomography (CAT) with a CAT done at week 12, 16, 24, 36, 48, 60 and thereafter every 6 months, or before if clinically indicated. Response to the treatment was assessed using the immune-related Response Criteria. 53 Patients presenting SD were computed together with patients obtaining partial or complete remission. Follow-up of patients continued until death or subsequent therapy for disease progression or recurrence. Patients who presented, at any time within the observation period, X 0 with severity above grade 3 (G3-G4) were named ADR C while X severity below G3 were named ADR ¡ . The grading of ADR was assessed according to Common Terminology Criteria for Adverse Events (CTCAE v.4.0).
Study design
Peripheral blood from melanoma patients was collected at baseline (W0) and 12 weeks after the first dose of ipilimumab was administered (W12). Additional blood samples were collected from patients every 12 weeks until disease progression. Blood samples were withdrawn in EDTA-treated vacutainer tubes (BD Bioscience) and processed immediately from HD and from patients. Moreover, a set of parameters associated with the immune system and tumor burden were monitored at W0 and W12. Circulating levels of myeloid and T cell subsets were evaluated by multicolor flow cytometry, whereas hematological parameters were evaluated by the Central Laboratory of the University Hospital of Padova. As the normal value range for LDH varied during our observation time, in this study we considered the normalized value of LDH that is the raw value of LDH/ ULN. All collected parameters are listed in Table S1 Characterization of the immune profile by flow cytometry
The presence of circulating myeloid and T cell subsets was assessed in whole blood samples by multi-color flow-cytometry, in order to identify four subsets of MDSCs and different subsets of T lymphocytes. To identify MDSC subsets, an eight-color staining cocktail was used containing: anti-CD11b Alexa 700 (clone ICRF44, BD PharMingen), anti-CD14 APC-H7 (clone MfP9, BD Bioscience), anti-CD15 V450 (clone MMA, BD Biosciences), anti-CD33 PECy7 (clone P67. C for 20 min. Cells were then washed with staining buffer and centrifuged at 1,300 rpm for 6 min at 4 C. For T lymphocytes phenotyping, the procedure was the same with the exception that 50 mL of whole blood were used per tube and the total incubation time for antibody-staining was reduced from 30 to 20 min. After the washing step, red blood cells were lysed using Cal-Lyse whole blood lysing solution (Life Technologies) according to manufacturer's instructions. Absolute counts of T cell subsets was determined using TruCount tubes (BD Bioscience). Data acquisition was performed using a LSRII flow cytometer (BD Biosciences) equipped with four lasers (405 nm, 488 nm, 561 nm, 640 nm). Data were analyzed using FlowJo software (Three Star Inc.). Autofluorescence and fluorescence minus one (FMO) controls for HLA-DR, IL4Ra and PD-1 were used as negative controls. Exemplary gating strategies for phenotyping of myeloid and T cell subsets are shown in Fig. S1 .
Standardization of the immunophenotyping assay
To standardize the staining panels for myeloid and T lymphocytes' subsets, a dilution of antibodies that maximizes the signal to noise ratio was chosen based on single antibodies titration. In addition, a protocol to monitor the performance of antibodies against HLA-DR and IL4Ra was set-up. Briefly, an EBV-B cell line that constitutively expresses these markers at high expression intensity was used as reference. To reduce interassay variance, we used a single batch of the B cell-line, which was fixed and permeabilized before cryopreservation. For each staining, the control cell-line was run in parallel to blood staining, labeling it with the same amount of anti-HLA-DR or anti-IL4Ra antibodies used for blood staining. We acquired the control cells before acquiring the blood sample, in order to determine whether the mean fluorescence intensity (MFI) of HLA-DR or IL4Ra were included in the range of tolerance. The range of tolerance was built by repeated staining of the control cells performed before the beginning of the study. To this end, the MFI of HLA-DR and IL4Ra of control cells was calculated in repeated measurements and the borders of tolerance were set within the mean § 2 £ standard deviation of our measures. In order to monitor the performance of the flowcytometer, the potential variation of the performance of the flow cytometer was assessed, using a protocol after Perfetto et al. 54 
Statistical analysis
Clinical characteristics of melanoma patients and HD were reported as frequencies and percentages and with median and quartiles, for categorical and continuous variables, respectively. Comparisons of a set of immunological parameters able to describe both the lymphoid and the myeloid compartment, between melanoma patients at baseline and HD were performed using Wilcoxon-Mann-Whitney test. In order to assess a possible association between TIPs and OS, the cohort of patients has been divided in two groups based on the survival status 1 year after enrolment. Comparisons of levels of TIPs at baseline and post-treatment between patients alive and deceased at 1 year were performed using Wilcoxon-Mann-Whitney test, whereas differences of TIPs between the two occasions (baseline and post-treatment) separately for patients alive and deceased at 1 year, have been tested by Wilcoxon Signed Rank Sum test, used when comparing two related samples. 55 In order to investigate the association between TIP values and presence of ADR provoked by ipilimumab treatment, the cohort of patients has been divided in two groups on the basis of the development of G3-4 ADR. Wilcoxon-Mann-Whitney and Wilcoxon Signed Rank Sum tests have again been adopted to compare different groups of patients (with and without ADR) and the same patients at baseline and post-treatment, respectively. In order to identify factors associated with mortality, Cox proportional hazard univariate and multivariate regression models were applied and results were reported as hazard ratio (HRs) along with their 95% confidence intervals (95% CIs). Cox proportional hazard model has been adopted to put in relation OS with values of TIPs both at baseline and posttreatment. We included in the multivariate analysis a set of hematological parameters, which seemed to be the most tightly associated with prognosis from the preliminary step of analysis. Variables selected have been preliminary transformed in binary variables based on the ULN or, when ULN was not applicable, the median value. In this way, variables were coded as 0 when values were less than ULN (or median) and as 1 when values were greater than ULN (or median). We also divided the patients with ECOG PS < 1 from those with an ECOG PS above 1. HR in Table 4 have to be interpreted as relative hazard of death being in class 1 (>ULN, or >MED, or >1) with respect to being in class 0 (<ULN, <MED, <1). Correlations between hematological and immunological parameters were assessed at baseline and after ipilimumab treatment using Person Correlation analysis. One-sided alternatives with a significance level a D 0.05 were considered for all the tests.
The analyses were performed using StatXact-5 Ò (Cytel Software), SAS Release 9.2 (SAS Institute, Cary, NC), Sigmaplot version 12 (Systat Software) and R version 3.2.1.
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